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FINAL ANALYSIS OF ORNL CREEP-RUPTURE AND TENSILE DATA ON
2.25 CR-1 MO STEEL IN SUPPORT OF HTGR DEVELOPMENT*

H. E. McCoy

ABSTRACT

The tensile and creep properties of 2.25 Cr-1 Mo steel were
measured over the temperature range of 482 to 649°C (900 to 1200°F).
The creep test environments were air and helium with controlled
impurities, and the maximum test times were about 100,000 h. No
effect of environment on the creep strength was discernible. Creep test
information, including the stresses, times, and temperature to 1% strain,
tertiary creep, and rupture, were used to approximate values of the design
stress, St, by the rules used in American Society of Mechanical Engineers
Code Case N-47. Comparisons were made between the design stress
estimates from these analyses and those from other sources. Some of the
test specimens were pretest aged. Tensile and creep results showed that
the material was weakened slightly by aging. .

1. INTRODUCTION

The 2.25 Cr-1 Mo steel has been in service for many years in steam environments
up to 566°C (1050°F), and the material has a very good service record under these
operating conditions.!-3 This material is of interest for steam generators in gas-cooled
reactors and has been under evaluation for that application for several years. In this
application, the material is exposed to helium containing small amounts of hydrogen,
methane, carbon dioxide, carbon monoxide, and moisture. Much of the work was
directed toward determining whether the mechanical properties are the same in air and
the impure helium. !

2. MATERIALS

Four heats of Cr-Mo steel were used in this study, and several characteristics of
the test material are listed in Table 1. The chemical analyses and room-temperature

*Research sponsored by the Office of New Production Reactors, U.S. Department
of Energy, under contract DE-AC05-840R21400 with Martin Marietta Energy
Systems, Inc.



Table 1. Characterization of 2.25 Cr-1 Mo steel test materials

Heat Source Product form Grajdnii)zea
X6216  Babcock and Wilcox 51-mm-OD (2-in.) by 25-mm-ID (1-in.) tube 27
36202 Babcock and Wilcox 51-mm-OD (2-in.) by 25-mm-ID (1-in.) tube 20-17
72768  Babcock and Wilcox 51-mm-OD (2-in.) by 25-mm-ID (1-in.) tube 27
56448 Caxgct;eoltv}!cpublic 51-mm-diam (2-in.) rod 40

@Al material isothermally annealed prior to testing: 927 % 14°C for 30 min, cooled to
704 % 14°C at a maximum rate of 83°C/h, held at 704 + 14°C for 2 h, and cooled to room
temperature at a maximum rate of 6°C/min.

tensile properties of the four heats are given in Table 2. All four heats satisfy the
chemical and mechanical requirements of the American Society of Mechanical Engineers
(ASME). The footnote to Table 1 describes the “isothermal” anneal that all material was
given before testing. With this heat treatment, the main microconstituents are
proeutectoid ferrite and bainite:

3. TEST CONDITIONS

Creep tests were run over the temperature range of 482 to 649°C (900 to 1200°F)
in test environments of air and controlled-impurity helium. Several reports on this study
carry the details of the test procedure.4: 5 The test specimen is shown in Fig. 1, and it has
a small-diameter gage section that should magnify any environmental effects.

4. TEST RESULTS

The creep test results are given in Tables 3 through 6 for the four heats. These
materials were tested in the isothermally annealed condition. In the ASME Boiler and
Pressure Vessel Code Case N-47, the design stress (St) for this material is determined on
the basis of the stresses to produce 1% strain, tertiary creep, and rupture. Hence, the data
were divided into several subsets that allowed the separate analysis of each property.
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Another variable to be dealt with was the influence of environment on mechanical
properties. The creep data were divided into the sets shown in Table 7 for analysis.

5. ANALYTICAL METHOD

One of the main goals in analyzing creep data for design strength purposes is that
the data be represented by some well-behaved function that allows extrapolation from
common measurement times of about 20,000 h to design times of 100,000 to 300,000 h.
One of the newer methods for performing such analyses is the Minimum Commitment
Method (MCM) developed by MansonS and modified by Pepe.” Pepe analyzed a large
set of Alloy 800H rupture data by this and several other methods and concluded that the
MCM was preferred.

The MCM equation is as follows:

logt +[R1(T—Tm) +R2(% -Tl—m)]=
B+C10gS+DS+ESz : ¢V

This equation contains variables of temperature (T, °R); stress (S, ksi); and time (t, h). A
mean temperature (Tm, °R) appears in the equation and is simply the arithmetic average
of the temperature range of the data set. The analysis determines the constants R1, R2, B,
C, D, and E. Values of B and C are determined for each heat of material, and average
values are determined for the entire data set.

The specific form of the MCM used was that described and made available to us
by Pepe.8 The data set was prepared and analyzed by the program disk made available by
Pepe. This analysis gave values of the constants including average and lot values of B
and C. The average values of B and C and the other constants were used in the above
equation to calculate stress-time correlations for various temperatures. The minimum
stress was determined by decreasing the logarithm (base 10) of the average stress by
1.65 times the lot standard deviation. Isothermal plots were constructed of time versus
average and minimum stress to rupture. Individual data points from the data set were
plotted on the appropriate isothermal plot. Values for the average or minimum rupture
stress at any time and temperature can be read from the isothermal plots.
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6. EXAMINATION OF DATA TO DETERMINE POSSIBLE
ENVIRONMENTAL EFFECT

The data set for each creep property and each environment contains about
50 points totaling 250,000 to 400,000 h (see Table 7). Each set contains data from only
four heats, and the data spread is rather large. The statistical data in Table 7 for R2*
and the S.E.E.T show that the data fit the model progressively better for the times to
1% strain, tertiary creep, and rupture, respectively.

Figure 2 shows the information developed conceming the effect of environment
on the time to 1% strain at 593°C (1100°F). The continuous lines represent the average
and minimum strengths obtained by the MCM analysis of the data from air and helium
environments obtained over the temperature range of 482 to 649°C (900 to 1200°F). The
lines from the MCM analysis are approximately the same up to 10,000 h where the
extrapolations vary due to the scarcity of points at the longer times. The individual data
points obtained in air and helium at 593°C (1100°F) are shown in Fig. 2. The solid points
were obtained in a helium environment, and the open points were obtained in an air
environment. These data points fail to show any consistent effect of environment.

A similar composite plot is shown in Fig. 3 for rupture data obtained at 593°C
(1100°F) in air and helium environments. The two bands determined by the MCM for
the average and minimum rupture strengths over the temperature range of 482 to 649°C
(900 to 1200°F) are about the same for the two environments up to 100,000 h. The data
points obtained in the two environments at 593°C fail to indicate any clear effect of
environment. Hence, we conclude that the creep properties of the Cr-Mo steel over the
temperature range of 482 to 649°C (900 to 1200°F) are equivalent in the two
environments investigated.

7. ANALYSIS OF THE ENTIRE DATA SET

Since test environment was concluded not to be an important variable, all test data
were grouped together (see Table 8) for analysis. Since the three properties—1% creep,
tertiary creep, and rupture—are important, the data set shown in Table 8 was analyzed as

*R2 is the correlation coefficient.
TSEE.is the lumped standard error of estimate.
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Fig.2. Cr-Moin air and He, 1% strain, 593°C;
lines for Minimum Commitment Method analysis and
points are data.
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three sets (see Table 7). A set of plots for rupture is shown in Figs. 4 through 8. The
continuous lines are for the average and minimum properties determined from the MCM
analysis using all the rupture data in Table 8. The individual data points from the data set
are shown for each temperature. These isothermal plots were used to determine the
minimum rupture stresses associated with various times and temperatures.

Similar analyses were performed for tertiary creep and 1% strain. The plots were
constructed and appropriate values taken from the plots. The values taken from the plots
are shown in Table 9. The rules for the high-temperature Code Case N-47 specify that
the least of 100% of the stress associated with 1% strain, 80% of that associated with
tertiary creep, and 67% of that associated with rupture be used to determine the design
stress, St.2  All of these criteria deal with the minimum stress which is defined as the
average stress minus 1.65 times the standard deviation. The results in Figs. 9, 10, 11, and
12 for times of 10,000, 30,000, 100,000, and 300,000 h, respectively, and in Table 9
show that the stress associated with tertiary creep controls through 510°C (950°F), and
the stress associated with 1% strain controls at higher temperatures.

The present data set only involves 4 heats of material, and, although some of the
test times are in excess of 100,000 h, this data set is too limited in scope to be a basis for
determining Code Case N-47 design stresses. However, it is interesting to see where the
results of this limited analysis fall with respect to the N-47 design stresses. This
comparison is made in Table 10. The agreement between the design stresses obtained in
the Oak Ridge National Laboratory (ORNL) analysis and those in N-47 were good up to
538°C (1000°F), but at higher temperatures, the design stresses obtained by the ORNL
analysis are lower than those in N-47.

Materials people at the Gulf General Atomic Company in 1975 considered the
mechanical properties of 2.25 Cr-1 Mo steel and their agreement with the values in
ASME Code Case 1592, which was a predecessor to the present Code Case N-47.10
They found that the time-dependent stress intensity, St, was controlled by 100% of the
minimum stress for 1% strain for times up to 100 h at 538 through 649°C (1000 through
1200°F). At all other conditions, the design stress was controlled by two-thirds the stress
to rupture. Based on their analysis of the data, the Gulf General Atomics Company
concluded that the expected minimum rupture values for this material in Code Case 1592
should be reduced 10%. These revised values are tabulated in their working document.
These changes were not made, and the values of the minimum rupture stress presently
tabulated in Code Case N-47 are the same as those in its predecessor, Case 1592.
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Fig. 4. Rupture properties of Cr-Mo steel at
427°C; estimated by Minimum Commitment Method.
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Booker et al.!1 analyzed a data set of rupture data consisting of 563 points
obtained over the temperature range of 454 to 600°C. These data were analyzed on the
basis of isothermal plots, and values were obtained for the minimum rupture stress. The
minimum rupture stresses are compared in Table 11 for Code Case N-47, the present
ORNL analysis, and the Booker et al. analysis. The rupture stress values for 10,000 h
are in good agreement for all three analyses. For 100,000 h, all three analyses agree well
at 427°C. At 482 and 538°C (900 and 1000°F), the agreement is good between the
present ORNL and N-47 values, but Booker’s values are significantly lower. At 593°C
(1100°F), the disagreement of the three analyses is significant with the present ORNL
value being the lowest and the N-47 value being the highest.

8. INFLUENCE OF PRETEST AGING

Since the microstructure is partially bainite, which contains finely dispersed
carbides, it would be expected that these fine carbides would coarsen with time and the
material become weaker. Since this would be a thermally activated process, the rate of
weakening would be dependent upon temperature. The required tensile properties of
SA 336, grade F-22a, are a minimum yield strength of 207 MPa (30 ksi) and an uitimate
tensile strength of 414 to 586 MPa (60 to 85 ksi).

The tensile properties of several samples were determined in two conditions:

(1) isothermally annealed and (2) isothermally anncaled plus pretest aged. The aging
conditions and the tensile test results are summarized in Table 12. Aging at 593 to 649°C
(1100 or 1200°F) decreased the yield strength of some of the samples below the specified
minimum value of 207 MPa (30 ksi).

Several specimens were aged prior to creep testing. The test results for these
samples are given in Table 13. The second column in Table 13 has a one-digit code for
the aging condition, and the meaning of this digit is given in Table 14. The aging
conditions were quite varied, so it is not possible to do any detailed analysis on the creep
data for aged samples in Table 13. Figures 13 through 16 show the points for the preaged
samples on the MCM rupture lines obtained by analyzing the data set in Table 8. In
general, the rupture strengths of the pretest aged samples fall short of the minimum
strength of the material tested in the as isothermally annealed condition.
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Table 14. Legend for aging treatments

Aged 10,000 h at 593°C in He
Aged 20,000 h at 593°C in He
Aged 27,500 h at 649°C in He
Aged 26,300 h at 593°C in He
Aged 34,000 h at 593°C in He
Aged 522 h at 671°C in Na
Aged 522 h at 671°C in Ar
Aged 4,000 h at 671°C in Na
Aged 4,000 h at 671°C in Ar
Aged 13,000 h at 649°C in He
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Fig. 13. Rupture properties of Cr-Mo steel at
428°C, unaged (lines by Minimum Commitment Method
analysis ) and aged (points).
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Fig. 14. Rupture properties of Cr-Mo steel at
538°C, unaged (lines obtained by Minimum Commitment
Method) and aged (points).

ORNL-DWG 93-12863

8
b3
<
o —+H
10
p—gt- - CE

STRESS (KSl)
a
Al
- L
Wi
=
2
=
=2

A

/s
1

1l

109 10! 102 103 104 105
TIME (H)

Fig. 15. Rupture properties of Cr-Mo steel at
593°C, unaged (lines obtained by Minimum Commitment
Method analysis) and aged (points).
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Fig. 16. Rupture properties of Cr-Mo steel at
649°C, unaged (lines obtained by Minimum Commitment
Method analysis) and aged (points).

9. CONCLUSIONS

. The MCM was found to work well for 2.25 Cr-1 Mo steel in that the data were fit

well by the correlations, and extrapolations of the correlations to reasonable times
appeared reasonable.

- Analysis of creep test results in air and helium by the MCM did not reveal any effect
of environment to times of about 100,000 h on the test results.

. The ORNL creep data set consisting of the results from four heats was analyzed by
the MCM using the analytical methods on Code Case N-47. The values obtained
from the rather limited ORNL data set were lower than those from N-47 at 538
through 649°C (1000 through 1200°F).

- Room-temperature tensile tests of preaged specimens revealed that extended aging of
some heats at 593 and 649°C (1100 and 1200°F) decreased the yield strength below
the 30 ksi minimum value specified by ASME for this material.

- The data were not sufficient to obtain quantitative values, but pretest aged specimens
generally had lower creep strength than isothermally annealed material.
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